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Abstract 
Over the years, the lead acid battery’s performance in modern vehicles has improved 
considerably to adapt to the new demands of vehicle electronics and start-stop 
applications.  Although vehicles are valuable for commuting, their high volume of 
usage has resulted in an increase of fuel prices and emitted carbon dioxide (CO2). 
Due to the drastic global warming concerns, vehicle manufactures have been 
pressured into developing a variety of hybrid electric vehicles (HEV) that would reduce 
their fuel consumption and thereby reduced CO2 emission. The HEVs construction 
requires the implementation of advanced battery systems that operate under high rate 
partial state of charge (HRPSoC) conditions.  During battery’s discharge, the Pb 
contained on the negative plate is oxidised to insulating PbSO4 crystals. When the 
battery is charged, the PbSO4 is reduced back to Pb. With prolonged use at HRPSoC, 
the battery undergoes an irreversible process wherein small PbSO4 crystallites 
dissolve and precipitate into large passivating PbSO4 crystals that accumulate as a 
dense layer on the surface of the negative plate. This layer restricts the diffusion of the 
H2SO4 electrolyte into the reaction sites for further reactions, resulting in the battery to 
fail prematurely. Research has shown that the inclusion of appropriate carbon 
materials on the negative active material (NAM) improves the performance of the 
batteries in HRPSoC cycling.   
This study looked at the making of some of the carbon-based additives by using 
relatively cheap materials such as polyvinyl alcohol (PVA) polymer with a sucrose 
blend in ratios of 75:25, 50:50 and 25:75, respectively. The blended materials were 
electrospun into PVA/Sucrose nanofibers. These were further stabilised by iodine and 
carbonised at 500 °C in a tube furnace. The properties of the carbon fibres were 
investigated by a number of analytical techniques such as TGA, DSC, XRD, BET, 
FTIR and SEM.  The obtained carbon fibre surfaces were further electroplated with Pb 
in order to investigate the chemical bonding, the relationship between the carbon-
based material interface and the Pb was investigated by SEM and CV techniques.  
The results of the study demonstrated that the varied ratios of the PVA/Sucrose 
nanofibers influenced the differences in their respective chemical and physical 
properties. Thermal analysis demonstrated that at approximately 500 °C, the final 
residue of the PVA/Sucrose nanofibers decreased as the sucrose content decreased.  
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Carbonisation of the nanofibers was confirmed by the structural changes 
corresponding to the disappearance of the major bonds of PVA and sucrose materials, 
as well as by the appearance of C=C stretches. Carbonisation was also confirmed by 
the XRD diffractogram that demonstrated two broad amorphous peaks that 
corresponded to the planes of the graphite structure. The broadness of the peaks 
confirmed the amorphous nature of the carbon fibres.  
The morphological studies demonstrated that upon blending PVA with increasing 
quantities of sucrose, the uniformity of the fibres was altered into beaded fibrous 
structures with large diameters due to the increased viscosity of the electrospinning 
solution. The behaviour of the Pb deposits on the carbon surfaces was influenced by 
the high quantity of PVA present on the blend and the fibrous structure of the 
carbonised material.  The Pb had high affinity towards the fibrous carbon derived from 
75:25 as it deposited widely across the surface. Whereas, the absence of Pb deposits 
on the surface of the carbon derived from the 25:75 ratio was an indication that the 
high sucrose content and the bulky non-fibrous structure hindered the 
electrodeposition.  
The electrochemical study findings demonstrated that the bare Pb electrode had two 
distinct current peaks corresponding to the anodic (discharge) and cathodic (charge) 
reactions of Pb/PbSO4. Upon the inclusion of the electrospun carbon materials on the 
Pb electrode, the intensities of the anodic and cathodic peaks were reduced. Implying 
that none of the carbon materials enhanced the electrochemical redox reactions of the 
Pb/PbSO4 couple in the H2SO4 electrolyte.   
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CHAPTER 1 
1.1. Lead acid battery 
1.1.1. Background of the battery 
 
A battery is a device that provides power by transferring electrons between materials 
through an electric circuit in an electrochemical oxidation-reduction (redox) reaction 
which occurs on the electrodes. When the battery is being used (discharged) the 
chemical energy that is stored in the battery’s active material is converted into 
electrical energy, thus, providing power to an external load. There are two types of 
batteries; a primary battery that is not rechargeable as it has electrode reactions that 
are not reversible, it can only be used once and be discarded. A rechargeable 
secondary battery has reversible electrode reactions whereby the battery can be 
charged, converting the electrical energy that was produced during discharge into 
chemical energy that will be stored in the battery’s active material until further use [1].   
Over the years, there have been a wide range of batteries that have been developed. 
In particular, the first rechargeable lead acid battery was developed in 1859 by Gaston 
Planté. In his initial experiments, he formed a cell by immersing two similar lead 
electrodes in a solution of diluted sulfuric acid (H2SO4) and allowed electric current to 
pass through the electrodes. From this, he observed that there were chemical 
reactions that occurred in the cell and the by product from these reactions resulted in 
a formation of gas. Noticeably, the gas accumulated as bubbles around the surface of 
the electrodes in an effect termed polarisation.  He also noticed that by applying a 
reverse current, the chemical reactions in the cell were reversible as the electrodes 
had the ability of reversing the electrical energy into chemical energy, thereby, 
charging the cell. Overall, the lead electrodes displayed remarkable results with large 
secondary current quantities that flowed for a long period of time with higher voltages. 
With these results, he designed a battery model containing a negative and positive 
plate of Pb sheets that were spiral shaped, separated by a rubber strip and immersed 
in a H2SO4 contained in a glass jar [2,3] (see Figure 1.1.1).  
 
 
Figure 1.1.1: Principle design of the Planté battery [36] 
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The battery was capable of producing large current quantities but its initial capacity 
was very small due to the small active material on the positive plate. During this period, 
the battery was only used as a source of light in train carriages when they would stop 
at the train stations. Several years passed and there was no demand for the Pb-acid 
battery use since it took quite some time to produce the electrodes and the battery 
suffered from low capacity [2,3]. 
The Pb-acid battery invention of Planté was improved in 1881 by Camille Alphonse 
Fauré. In his research, he coated two lead plates with a mixture of lead oxide (PbO), 
water and H2SO4.  He allowed the plates to undergo curing; a process in which the 
plates were introduced to a high humidity space which had gentle heating, resulting to 
the formation of lead sulphates (PbSO4).  The PbSO4 containing plates were further 
charged to produce Pb and PbO2 on the negative and positive plates, respectively. 
His contributions led to a new battery development that was cheap to produce in a 
short period of time and had an increased capacity. Other researchers contributed to 
changing the lead sheets that were initially used as current collectors into grids 
instead. This marked the era in which Pb-acid batteries were developed at mass 
production as they were in demand with many applications in automotive, 
telecommunications and street lighting [1, 2].  
The manufacturing of the Pb-acid battery grew rapidly over the years with the main 
role of the battery being in vehicles for engine starting, lighting and ignition (SLI).   
Hence, the starting Pb-acid batteries were collectively known as SLI batteries and 
were designed such that they had thin plates which provided high surface area 
allowing the battery to deliver high current output for starting the vehicles’ engine. 
These batteries were capable of discharging about 3% of their capacity. Thus, 
whenever they would be discharged continuously, they would suffer from capacity 
loss. As the market has evolved over the years and so is the role of the Pb-acid battery, 
it is no longer just used as a starter battery for SLI applications but it is being developed 
into more advanced applications for satisfying the new automotive demands such as 
introduction of electric vehicles with electrical functions (stop-start, regenerative 
braking, air conditioning, steer and break by wire etc.). These electrical changes are 
necessary for more improved comfortable driving conditions for drivers and 
passengers [2,4,5].   
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1.1.2. Chemistry of the lead acid battery 
 
Pb-acid batteries in automobiles is constructed in such a way that it consists of six 
galvanic cells which produce 2 V each and are connected in series to produce a total 
of 12 V for a fully charged battery. Each cell consists of a cathode and an anode 
electrode also known as positive and negative plates, respectively. The active material 
of the positive plate is PbO2 and is commonly referred to as the positive active material 
(PAM) while that of the negative plate is Pb which is commonly referred to as the 
negative active material (NAM). Within a cell the electrodes are kept apart by a 
separator immersed in a H2SO4 acid solution which serve as an electrolyte for the cell 
[6]. A Pb-acid battery can be visualised in Figure 1.1.2.   
 
 
Figure 1.1.2: A lead acid battery[32] 
 
During battery discharging, the Pb on the negative plate is oxidised into a Pb2+ cation 
which dissolves in the H2SO4 electrolyte and thereby interact with the electrolytes’ 
SO42- ions to produce insulating PbSO4 crystals as shown in the following reactions: 
                                          Pb (s) → Pb2+(aq) + 2e-                                                    (1.1)  
 
                                          Pb2+(aq) + SO42- (aq) → PbSO4 (s)                                     (1.2)  
 
Overall (Anode):                    Pb (s) → PbSO4 (s) + 2e-                                                            (1.3) 
At 25 °C, the half-cell potential of the anode (𝐸𝑎𝑛0) versus standard hydrogen electrode 
(SHE) is 0.356 V. 
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Also during discharge, the PbO2 on the positive plate is reduced into a Pb2+ cation and 
water (H2O). The produced cation interacts with electrolytes’ SO42- ions to produce 
insulating PbSO4 crystals as shown in the following reactions: 
                                              PbO2 (s) + 2e- + 4H+(aq) → Pb2+(aq) + 2H2O (l)                  (1.4)  
 
                                              Pb2+ (aq) + SO42- (aq) → PbSO4 (s)                    (1.5) 
 
Overall (Cathode):               PbO2 (s) + 2e- + 4H+ (aq) → PbSO4 (s)                                       (1.6) 
At 25 °C, the half-cell potential of the cathode (𝐸cat0) versus SHE is 1.685 V and the 
overall potential of the cell (Ecell) is 2.041 V.  
As the process of discharging produces water molecules, this water is responsible for 
diluting and weakening the electrolyte. As the Pb-acid battery is a secondary battery 
with reversible chemical reactions; upon charging, the formed PbSO4 crystals on the 
positive plate (equation 1.4-1.6) is oxidised back into PbO2 while the PbSO4 on the 
negative plate (equation 1.1-1.3) is reduced back into Pb. Upon the charging process, 
the electrolyte’s concentration is strengthened [2].  
 
1.1.3. Hybrid electric vehicles 
 
Although there may be a variety of Pb-acid batteries that have been developed with 
improved constructions for vehicles, there were drastic environmental concerns such 
as the high increase of global warming which have been associated with the use of 
vehicles. These have led the environmental officials from the climate change mitigation 
to pressure the vehicle manufacturers into regulating the high fuel prices and the 
quantity of emitted carbon dioxide (CO2) from vehicles [9]. With the new enforced 
regulations, the vehicle manufacturers have developed a variety of eco-solutions for 
helping the automobile drivers to reduce vehicle CO2 emissions and to save on fuel 
costs. The developed eco-solutions include the introduction of a gear shift indicator 
which is useful for informing the driver about the optimum time to change the gear, a 
tyre pressure monitoring system for informing the driver about the low tyre pressure 
and the installation of low rolling resistance tyres which are useful for reducing the loss 
of energy from the accelerated rolling of tyres during driving [33].  The above mentioned 
eco-solutions are solely responsible for fuel efficiency on the vehicle.  An eco-solution 
that is responsible for both the fuel consumption and reduced CO2 emission is the 
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introduction of a variety of hybrid electric vehicles (HEV) which requires the 
implementation of changes on the vehicles’ battery system [33]. There are different 
HEV’s that have been developed based on the degree of hybridisation and these 
include micro hybrid, mild hybrid, full hybrid, plug in hybrid and fully electric vehicles. 
The operating voltage of the electric drive systems for HEV’s are varied, for instance 
the micro HEV operates between 12 V and 48 V, mild HEV operates between 48 V 
and 200 V and the full HEV operates at voltages that are over 150 V [34].  Although 
they may operate at different voltages, they are all required to function under partial-
state-of-charge (PSoC) conditions [7,8].  
The HEV’s utilize a system whereby the vehicles’ electric engine is used together with 
the internal combustion engine (ICE) for driving the vehicle. They are assembled with 
a start-stop system that is responsible for automatically shutting down the vehicle 
when idling and restart as soon as the accelerator is applied. The Pb-acid batteries 
used in HEV’s applications are responsible for providing electrical energy to the 
vehicle whenever the engine is off and requires to be restarted from being shut down.   
The hybrids are also fitted with a regenerative braking system that is responsible for 
recovering and storing some of the kinetic energy that would have been lost to heat 
during braking, therefore, the restored energy is used for recharging the Pb-acid 
battery, reducing fuel consumption [9]. The battery on HEV’s is expected to be able to 
give out large shallow discharge-charge cycles at a high rate because the start-stop 
system of the vehicle requires a high rate discharge while the regenerative braking 
requires a high rate charge state. This allows the battery to function at a high-rate-
partial-state-of-charge (HRPSoC) conditions rather than at a fully charged state. This 
operating mode is quite challenging as it involves short duration of charge and 
discharge with high current rates [10,11]. In particular, the batteries that have been used 
for HEV applications are valve regulated lead acid (VRLA) and enhanced flooded 
batteries (EFB).  However, the VRLA batteries offer a better battery system as it is 
fully sealed with an improved overall battery performance such as extended cycle life, 
reliability, internal resistance and reduced battery discharge and recharge times [4].  
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Although the HEVs may be the best developments to date with regards to complying 
with the environmental regulations of CO2 emissions from vehicles, they too have 
major setbacks that are associated with the HRPSoC operation and these make the 
Pb-acid battery on the system to fail dismally. For instance, during the discharge 
operation at HRPSoC, there is a reversible and irreversible process that occur on the 
negative plate simultaneously. In the reversible process, the oxidised Pb2+ ions 
dissolve in the electrolyte to interact with the SO42- ions, producing small soluble 
crystals of PbSO4 on the negative plate which are responsible for maintaining the high 
charging rate and do not interfere with the battery charging mode. Whereas when a 
battery is kept at a PSoC for some time, it undergoes an irreversible process; where 
the small PbSO4 crystallites dissolve and precipitate into large passivating PbSO4 
crystals that grow rapidly and accumulate as a dense layer on the surface of the 
negative plate.  The passivating layer restricts the diffusion of acid into the reaction 
sites of the negative plate, forming a high ohmic resistance barrier across the negative 
plate surface. With no further reactions, the plate suffers from sulfation with acid 
depletion that greatly affects the charge and discharge operations of the battery, 
leading in a battery with poor cycle life [4,8,12,14].  The processes that occur during Pb 
acid battery operation are illustrated in Figure 1.1.3.  
 
 
Figure 1.1.3: Reversible and irreversible processes on the negative plate [12]  
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This sulfation only affects the negative plates as they have a relatively low surface 
area (0.5-1 m2/g). Whereas the high surface area of the positive plate (4-5 m2/g) 
hinders them from sulfation since its discharge process occurs in the hydrated state 
zones of the PbO2 particles by means of chemical reactions that prevent the growth 
of PbSO4 particles and consequently sulfation [8,14].   
It is not only sulfation that is associated with the HRPSoC, there is also a 1-3% depth 
of discharge (DOD) due to the short duration of charge and discharge micro-cycles. 
Thus, to support the battery at the charged state it is crucial for the charge and 
discharge processes to be completely reversible with the charge process at higher 
rate in order for the PbSO4 crystals formed during discharge to be quickly converted 
back to Pb and re-charge the cycle, by doing so it will be preventing the negative plate 
sulfation [8].  
The battery discharge and charge processes in the HRPSoC are operated at high 
rates with high currents, leading to increased polarization on the negative electrodes 
which causes certain side reactions of water decomposition, hydrogen evolution and 
oxygen. Thus, leading to low charge acceptance and high sulfation on the negative 
plate which subsequently reduces the cycle life of the battery [7,8,12].   
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1.1.4. Expander Additives  
 
As previously mentioned the Pb-acid battery operates in reversible reactions that 
occur on the surface of the electrode; resulting in the capacity, energy and power 
output of the battery to solely rely on this reversible conversion. Hence, the overall 
performance of the battery is dependent on the surface of the active materials of both 
the negative and positive electrodes. This dependency is a concern since the active 
materials on the electrodes have a very limited surface area that results in the battery 
having a poor capacity and performance. However, research has been conducted on 
this matter and it has been proven that the continuous passivating PbSO4 layer formed 
on the active materials should be restricted at all times in order to improve the overall 
working parameters of the battery operated under HRPSoC. The only allowed PbSO4 
crystals that can grow on the active materials should be in a highly porous state. By 
being in a porous state that will allow the reversible electrochemical reactions of the 
battery to occur without complications onto the depth of the electrodes, involving the 
thick layer of the active material during discharge and charging operations [2, 7]. 
Studies have shown that the restriction of the passivating PbSO4 layer can be done 
by introducing an expander on the surface of the negative plate. An expander is a 
mixture that consists of lignosulfonate, barium sulphate (BaSO4) and carbon additives 
which collectively play a role in adsorbing on the negative plate surface to restrict the 
formation of passivating PbSO4 layer during discharge and promote the formation of 
porous PbSO4.  Before the formation of PbSO4 crystals on the negative plate, 
nucleation should occur, and the role of BaSO4 serves as a nucleation site for the 
small PbSO4 crystal formation that would be uniformly distributed on the surface of the 
plate. During battery operation, the function of lignosulfonate is to adsorb onto the 
negative plate’s surface, restricting the continuous growth of passivating PbSO4. The 
role of the carbon additive in the expander assist in the extension of a conductive 
surface area on the negative plate as it has a limited surface that prevents acceptance 
of electric charges at high rates. This is done by a carbon with high electric conductivity 
properties. The carbon material is also responsible for formation of a stable layer that 
separates the PbSO4 crystals into individual porous crystallites, allowing the 
electrolyte to access the reaction sites for further interactions. This is usually done by 
a carbon material that has a high surface area. Overall, sulfation is reduced and the 
charge efficiency is improved, producing a prolonged battery life [2,7,12,13]. 
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1.1.5. Carbonaceous nanomaterial additives 
 
A lot of research has been shifted into the use of carbonaceous nanomaterials as 
additives that are incorporated onto the negative plate of Pb-acid battery assembled 
for HEV’s. In particular, the type of carbonaceous nanomaterial that can be used as 
an additive on negative plates should be very small; in the nanometer (nm) range due 
to the fact that in this range it possesses the required characteristic properties 
exploited for improving the Pb-acid battery.  At the nm range, the nanomaterials have 
a high surface area with complex porous structure which makes it easier to form large 
amounts of active sites with reduced charge transport pathways for preventing the 
growth of large passivating PbSO4 crystals at the negative plate [12,13].  
 
The carbon nanomaterials used as an additive should be highly conductive as the high 
electro-conductivity properties of the nanomaterial assist in the successful operation 
of electrochemical reactions that occur on the interface of the negative plate [12,13]. 
Usually the electronic conductivity of metallic Pb is more than that of the carbon, 
however, when the battery is under HRPSoC there are noticeable regions on the 
surface of the negative plate that are filled up by PbSO4 crystals. It is through these 
regions that the conductive carbon particles are capable of maintaining an 
electronically conducting pathway. This may not always be the case for all the carbons 
since conductivity of the carbons is different for each carbon as it is strongly dependent 
on the degree of graphitization of the carbon material.  That is why graphitic carbons 
that are more graphitized have good conductivity while the less graphitized activated 
carbons and those carbons with high surface area have varied conductivity values [7].  
 
It is a requisite for the carbon additive to have a strong affinity towards the Pb surface 
as this will allow the Pb to adhere onto the carbon surface without any complications. 
Researchers have shown that it is regarded as an advantage that certain 
carbonaceous materials contain impurities such as zinc and bismuth that block the 
reaction of hydrogen evolution at the negative plate, thus, enhancing the battery’s 
efficiency of charge. Hence, impurities on the carbons should be monitored to evaluate 
the hydrogen evolution on the plate. The carbon additive should behave as an electro-
osmotic pump which will promote the sulphuric acid diffusion at the inner plates’ 
volume during operation of the battery at high rates of discharge and charge [7,12,13].  
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There are various forms of carbons due to the existence of different carbon allotropes, 
some of these forms exist in a variety of shapes and tend to behave differently from 
each other. That is why different properties of carbon give rise to different results when 
they are added to the negative plate for restricting the sulfation under HRPSoC [11].  
 
Graphite is an allotrope of carbon that has been used extensively as a carbon additive. 
There are three distinct forms of natural graphite; the crystalline flake graphite that is 
in a form of flat plate-like structure, amorphous graphite that is in a form of thin flake 
graphite structure and lump graphite that is in a form of aggregates. Structurally, 
graphite exists in a planar structure of carbon that is in a form of stacks that are layered 
on top of each other.  The carbon atoms on each layer are in a form of a hexagonal (6 
membered) network that has a separation distance of 0.14 nm between each carbon 
and a distance of 0.34 nm between each layer.  Each carbon layer is relatively stable 
as it has individual carbon atoms that are covalently bonded to three other carbon 
atoms in a form of sp2 hybridisation. While on the adjacent layer planes, there are van 
der Waals forces that are weakly holding the carbons, allowing the carbon layers to 
slide over each other resulting to the soft texture of graphite [15]. The detailed graphite 
structure showing the mentioned arrangement of carbons is illustrated in Figure 1.1.4. 
 
 
 
                    Figure 1.1.4: Structure of Graphite [35] 
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Graphite has been used as a carbon additive because it has an electrical conductivity 
of 104 Ώ-1cm-1 at room temperature and that makes it a good electricity conductor. 
However, the graphite nanostructure can only conduct electricity along the planes of 
the carbon layer as it only has delocalized pi bond electrons that are found above and 
below the planes of the carbon atoms. It is through the movement of these electrons 
that the electricity can move along the planes.  Graphite also has a surface area that 
is in the order of 10-30 m2/g. This is quite low and sometimes graphite is used with a 
blend of another carbon that have a high surface area in order to increase the total 
surface area of the negative plate to improve the accessibility of electrolyte [16,17]. 
Several studies have been done on the incorporation of graphite on its own or with a 
blend of carbon on the negative plate. In one study where graphite was used on its 
own, it was found that when the battery was being charged, the produced PbSO4 
crystals was not just deposited on the surface of the plate but spread evenly across 
the active material without forming a barrier that restricts acid diffusion.  This resulted 
in batteries with improved electrical performance [18]. 
 
Another type of carbonaceous nanomaterial that have be used as an additive for the 
negative plate are the carbon nanofibers which are one dimensional, sp2 hybridised 
and exist as non-continuous cylindrical structures that are in the range of 50-200 nm 
in diameter. They consist of graphene layers that can be arranged in herringbone, 
platelet or ribbon forms. The global use of carbon nanofibers is due to their 
characteristic one-dimensional structure which has adjustable electronic conductivity, 
unique mechanical strength, thermal conductivity and are cost effective. In Pb-acid 
batteries the carbon nanofibers are specifically chosen as an additive because they 
are a carbonaceous nanomaterial have a large surface area (~462 m2/g) [19, 20].   
 
It is not only the graphite form of carbons that can be used as additives as there is an 
activated carbon that has been extensively used. The characteristic porous structure 
of the activated carbon makes it to be an ideal carbon additive as it has an exceptional 
high surface area compared to other nanostructured carbons. Its surface area is so 
large that it can extend to over 1000 m2/g [21].  
 
 
21 
 
As the above mentioned carbonaceous nanomaterials have varied properties such as 
the different surface areas and electrical conductivities, they tend to behave differently 
from each other when they are incorporated on the negative plate. In a research [22] 
conducted on the effects of the carbonaceous nanomaterials on cells simulated for 
batteries used in electric vehicles for HRPSoC, the study showed that with each 
carbon used, different results were obtained. For example, three cells were built; a 
standard cell with no carbon additives, a cell with activated carbon and a cell with 
carbon nanofibers, respectively.  All three cells were subject to various electrochemical 
tests for observing the effect of the carbons on each test in comparison with the cell 
without carbon additives. The cells were simulated to test the ability of the battery to 
start a vehicle in cold environments by a cold cranking ability (CCA) test.  The results 
obtained from this test showed that the carbonaceous cells had better results than the 
standard cell. Moreover, from the carbonaceous cells; the activated carbon cell had 
better results than the carbon nanofiber due to its high surface area that it has. The 
ability of the cell to accumulate recharge capacity at high currents over a period of time 
was tested by a charge acceptance (ChA) test. From this test, it was observed that the 
carbonaceous cells had improved results than the standard cell again. As the activated 
carbon had the best results in the CCA test these results changed in the ChA test, the 
carbon nanofiber showed better results than the activated carbon. However, the 
results decreased when the cells were tested repeatedly indicating that with time the 
ChA performance of the Pb-acid battery decreases. The simplified partial state of 
capacity cycling (PSoCC) test that was done, the results showed that the carbon 
nanofiber cells had better cycling results than the other two cells [22].  
The results were also influenced by the affinity of the Pb towards the carbons. The 
morphological studies demonstrated that the formation of Pb in NAM had different 
sizes and shapes from cell to cell. This implies that the Pb behaved differently with 
each carbon surface because for the activated carbon it absolutely had low affinity 
towards the carbon surface but for the carbon nanofiber the Pb deposited well without 
complications. Upon discharge, the PbSO4 crystals on the active material surface of 
the standard cell was in a form of large and uneven crystals. This was not an ideal 
characteristic as it would later lead to sulfation on the plate. This however was not the 
case for the carbon additives as for both the activated carbon and carbon nanofiber 
the PbSO4 crystals formed after discharge were widely distributed in a homogeneous 
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manner across the active material surface. These were promising results, but the only 
difference was that the activated carbon achieved 14 700 cycles after 3 cycle loops in 
a PSoCC test while the carbon nanofiber achieved 27 000 cycles. Once more proving 
that the carbon nanofiber was the better carbon additive for the overall electrochemical 
results [22]. 
 
Although there have been numerous studies that have extensively looked at the 
benefits of adding carbons to enhance the performance of the Pb-acid battery in terms 
of resistance to sulfation, increased cycle life and battery lifespan, there have not been 
many studies that have been reported on the mechanism in which the carbon can 
achieve such benefits.  The few studies that have been conducted so far on the matter 
have contrasting views as each researcher has different findings concerning the 
mechanism in which the carbon functions. For instance, in the first study that was 
conducted on the matter, it was concluded that by adding a carbon on NAM, the 
rechargeability of the negative plate was improved due to the formation of the 
conductive network of carbon amongst the crystals of PbSO4 [23].  These findings were 
in accordance with a similar study where it was proven that the addition of an 
electrically conductive carbon on NAM resulted in the restriction of passivating PbSO4 
growth as the carbon served as a conductor [24].  According to literature, not all studies 
have been in accordance with this as some critic researchers have found that it is 
neither the surface area nor the electrical conductivity of the carbon that is responsible 
for the beneficial effects on the negative plate. It has been proven that not only carbon 
has a beneficial enhancing effect on NAM as any other nanomaterial that can alter the 
pore structure of NAM can result in the impedance of large pores in NAM, thus, 
preventing the growth of large passivating PbSO4 crystals associated with sulfation.  
They supported their argument by using Alumina (Al2O3) and Titania (TiO2) which 
resulted in the same improvements as the carbon additive [25,26,27,28].   
It is not only the beneficial effects of carbons that the researchers seem not to agree 
on as there are similar contrasting views on the type of appropriate carbon that can be 
used as an additive. Some of the carbonaceous nanomaterials that have been found 
to work well as additives are graphites, activated carbon and carbon blacks. However, 
with these carbons there have been different results obtained. For instance, in terms 
of the graphites; the flake graphite has been found to have the overall improved 
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performance, but another study found that this was not the case as the flake graphite 
had the poorest results. In terms of the carbon nanofibers, the larger fibrous 
nanomaterial has been found to lack the ability to provide electrochemical 
performance [25,26,29,30]. Interestingly, in a study with the varied carbon nanomaterials 
(graphites, carbon blacks, activated carbons) there was not even a single carbon that 
provided an increase in the electrochemical performance [31]. These contrasting 
findings once more prove that there are a variety of mechanisms that should be 
monitored with regards to the carbon effects that they have on NAM such as the 
negative plate formulation, battery activation, plate production as these collectively 
have an influence on the electrochemistry of the battery.  
 
1.2. Synthesis of carbon nanofibers 
1.2.1. Background of electrospinning 
 
Amongst the previously mentioned carbonaceous nanostructured materials, carbon 
nanofibers have been the focus of studies because of their unique properties in the 
application of the battery. Thus far, there are several synthesis techniques that have 
been employed for the fabrication of nanofibrous structures, these include wet 
chemical synthesis, template-assisted synthesis, hydrothermal and solvothermal 
synthesis, self-assembly, vapour phase approaches and electrospinning [37,38,39,40,41]. 
Of these diverse methods, it is only electrospinning that has the merits of simplicity, 
high reproducibility, high efficiency and cost-effectiveness. It also offers desirable 
properties such as good pore interconnectivity, large specific surface area and high 
aspect ratio, which are favourable for the NAM additives applications [42].   
 
In a typical electrospinning setup, there is a syringe containing a polymeric solution 
and is clamped to a syringe pump for controlling the flow rate of the solution, an 
electrically conductive collector for collecting the nanofibers and a high-voltage power 
supply for introducing charge into the system. The needle tip (nozzle) is always 
oriented towards the ground collector with a desirable distance in-between [42,43].           
A typical electrospinning setup is illustrated in Figure 1.2.1. 
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Figure 1.2.1: Electrospinning setup [43] 
Electrospinning is initiated when a high voltage (5-30 kV) is applied, thereby, inducing 
charge into the surface of the solution [44]. As the solution is pumped through the 
syringe at a constant rate, a droplet emerges from the nozzle. The applied voltage 
produces an electric field which forms a gradually increasing electrostatic force that 
pressures the surface of the droplet tip to deform and elongate into a conical shape 
termed a Taylor cone [45]. When the electrical field is sufficiently high and charge 
accumulation in the Taylor cone reaches a critical level, the repulsive electrostatic 
force overcomes the surface tension of the polymeric solution resulting in the 
expulsion of a viscoelastic jet from the nozzle. This viscoelastic jet travel towards the 
collector, thereby, the solvent evaporates leaving behind a thinning jet that stretches 
in a whipping motion and solidifies into a nanofiber. Depending on the type of collector 
used, the nanofibers can arrange themselves on the collector randomly or in an 
aligned form [46,47].   
 
1.2.2. Electrospinning parameters 
 
In electrospinning, the appearance of the as-spun nanofibers is determined by their 
diameter and morphology as they should be in a nanometer range and with no beading 
nor pores. It is not easy to attain such fibres as there are variable parameters that 
collectively influence the resultant nanofibers. To attain fibres that have desirable 
diameters and smooth morphologies, it is crucial to understand the influence of each 
of the parameters for optimisation. The first parameters that influence electrospinning 
are the solution parameters such as viscosity, surface tension, solvent volatility and 
conductivity [48,54]: 
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(i) For electrospinning to occur, the polymeric solution should be highly viscous 
as influenced by the highly-concentrated polymeric solution and high 
molecular weight of the polymer.  Fundamentally, the electrospinnability of 
the polymeric solution is ensured by the viscoelasticity of the solution.  A 
highly-concentrated solution produces smooth nanofibers with large 
diameters. This should be carefully monitored as a solution with an 
extremely high concentration will solidify rapidly, clogging onto the needle 
tip and impede electrospinning [49,50].  
(ii) The polymeric solution should have an adequate surface tension. A high 
surface tension hinders electrospinning because the electrostatic forces fail 
to overcome the surface tension, restricting the formation of a Taylor cone. 
With no formed Taylor cone, the polymeric solution undergoes Rayleigh 
instability; a phenomenon where droplets are formed instead of nanofibrous 
structures [48].  
(iii) A solvent that evaporates easily ensures fibre formation but solvents with 
low volatility tend to result to the collection of wet fibres or droplets. It is 
crucial to select a good combination of solvents that will ensure solvent 
evaporation and favour the electrospinning of nanofibers [54].  
(iv) A conductive polymer or conductive solvents are a necessity as they lower 
the critical voltage required for initiating electrospinning and increases the 
level of charges carried by the solution, subsequently lengthening the 
electrospinning jet [51]. This has a great impact on the morphology of the 
electrospun nanofibers as they have no beading but have a smaller 
diameter [50]. 
The second parameters that influence electrospinning are the operating parameters 
and these include flow rate, nozzle diameter, electric field strength and the electric 
current flow between the syringe and the collector: 
(i) Nanofibers that are electrospun at a low flow rate promote the jet stability 
that is required for obtaining a Taylor cone and subsequently produce small 
diameter nanofibers. However, an increase in the flow rate (>5 mL/h) 
hinders the jet stability and the Taylor cone development, resulting in fibres 
with large diameters and beading as the polymeric solution does not have 
enough time to solidify prior to reaching the collector [52]. 
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(ii) If the polymeric solution is highly viscous, a larger nozzle diameter should 
be used for dispensing the solution.  Larger nozzle diameter (>0.5 mm) often 
produce nanofibers with small diameters due to the ability of the large nozzle 
to promote a continuous solution flow which renders a stable electrospinning 
process [53]. Smaller nozzle diameters are also capable of producing small 
diameter nanofibers due to the large amount of repulsive electrostatic forces 
required to overcome the surface tension on the droplet ejected on the 
needle-tip [53].  
(iii) In electrospinning, the electric filed can be altered by changing the applied 
voltage or the distance between the collector and syringe. This allows the 
electrostatic forces acting on the suspended droplet to overcome the 
surface tension of the droplet, thereby inducing Taylor cone formation. 
Overall, this produces nanofibers with a smooth morphology [48].  
(iv) As previously stated; during electrospinning, the solvent should evaporate 
leaving the jet to solidify into a nanofiber. Hence, the distance between the 
noozle and the collector should be longer (>15 cm) to allow the solution jet 
to stretch well and have enough time to dry into a nanofiber. By having small 
distance that enhances dripping and collection of wet nanofibers with beads 
[48].  
The third parameters that influence electrospinning are the ambient parameters and 
these include humidity and temperature: 
(i) Increasing temperature results in the increased rate of solvent evaporation 
and decreased viscosity of the solution. These two factors operate in 
different mechanism, however, they both lead to the decrease of the mean 
fibre diameter [54]. 
(ii) Increasing humidity results to nanofibers with reduced diameter. At times, it 
affects the morphology of the fibres by resulting to pores and beads [54].  
Overall, the collector used in electrospinning has an effect on the morphology of the 
collected fibres. A rotating collector produces aligned nanofibers, whereas a static 
collector produces randomly oriented nanofibers. If a conductive collector is used, the 
charge carried by the nanofibers will not be dissipated, resulting to the repulsion of the 
nanofibers and consequently the formation more porous nanofibrous structures  [46,47].   
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1.3. Purpose of the study 
1.3.1. Aims 
 
Previous studies conducted have demonstrated that carbon nanofibers offer better 
electrochemical results when applied as an additive in NAM [22]. However, they are 
quite costly, making it difficult to conduct intensive laboratory test in the battery 
research laboratory. Therefore, it was necessary to develop a new simple, non-toxic 
and cost effect method for the fabrication of carbon nanofibers using electrospinning. 
However, in electrospinning, research is mainly focussed on using polymers as the 
source of carbon due to the desirable properties that they have. There are few studies 
that have been conducted on electrospinning non-polymer materials as it is quite a 
challenge to electrospin them due to their lack of electrospinnable properties [54]. 
Compared to the main materials that have been used for electrospinning, sucrose is 
a relatively cheap and a non-toxic disaccharide that has a high carbon content. The 
disadvantage of sucrose is that it has a low molecular weight and is not conductive [55]. 
Making it not to be desirable as a precursor for electrospinning carbon nanofibers. 
Hence, to date there have not been any reported studies conducted on the synthesis 
of carbon nanofibers using sucrose as a precursor.   
 
The aim of this study was to blend different quantities of sucrose with a cost effective, 
non-toxic and biodegradable synthetic Polyvinyl alcohol (PVA) polymer that will 
provide electrospinnable properties and serve as a secondary carbon source for the 
fabrication of carbon nanofibers [56].   
When Pb is deposited on the carbonaceous surface of the NAM additive, its affinity 
and homogeneity is varied. Such that upon discharge, the Pb is oxidised into varied 
PbSO4 with different sizes and surface distributions that enhance sulfation. To date, 
there has not been extensive research reported on the driving force behind the 
different shapes and sizes of Pb deposited on the carbon surfaces, the varied affinity 
between the two as well as carbons’ beneficial effects. Therefore, the secondary aim 
of this study was to study the relationship between the negative plates’ Pb deposits 
and the surface of electrospun carbon nanofibers. For comparison purposes, the 
behaviour of Pb on the surface of commercial carbons (activated carbon, graphitic 
carbon and carbon nanofiber) was also investigated.   
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1.3.2. Objectives 
 
The above-mentioned aims were achieved by conducting the following objectives: 
1. Fabricate nanofibers from varied blends of PVA/Sucrose via electrospinning  
2. Stabilise and carbonise the as spun PVA/Sucrose nanofibers  
3. Investigate the physical and chemical properties of the commercial carbons and 
the carbonised PVA/Sucrose fibres 
4. Electroplate all the carbon surfaces with Pb deposits and investigate the 
morphology of the Pb on the carbon surfaces   
5. Investigate the electrochemical relationship between the Pb electrodeposits 
and the carbon surfaces   
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CHAPTER 2 
Experimental 
 
This chapter will detail the fabrication of carbonaceous nanofibers from PVA/Sucrose 
blends via electrospinning and the characterisation techniques used to study their 
chemical and physical properties.  For comparison purposes, the properties of the 
standard commercial carbons (activated, graphitic and carbon nanofibers) will also be 
studied. This will be followed by the detailed morphological and electrochemical 
analysis of the behaviour of Pb electrodeposits on the carbon surfaces.   
2. 1. Synthesis of carbon nanofibers 
2.1.1. Electrospinning 
Different polymeric solutions were prepared by dissolving PVA polymer and sucrose 
in distilled water for 7 h in room temperature as per Table 2.1.1 instructions.  
Table 2.1.1: Electrospinning solution preparation 
Polymeric Solution 
               (wt/wt%) 
                        Mass (g) Water (mL) 
            PVA         Sucrose 
PVA 5.75               _ 10 
PVA/Sucrose 75:25 11.5  2.5 35 
PVA/Sucrose 50:50 7 7 70 
PVA/Sucrose 25:75 2.5 11.5 35 
 
The polymeric solutions were individually contained in a 30 mL syringe and 
electrospun at 20 kV using a Glassman High Voltage Inc. and dispensed at a flow rate 
of 0.5 mL/h using a New Era Pump Systems Inc. NE-300. The distance between the 
nozzle and the collector was fixed at 25 cm.  Continuous fibrous mats were collected 
on the foil covered collector.  
The as spun mats were submerged in a glass bottle containing 10 g Iodine and heated 
at 80 °C for 24 h to dehydrate the mats and stabilise them prior to carbonisation. The 
grey dehydrated mats were then carbonised via pyrolysis wherein the samples where 
weighed into small ceramic boats and placed centrally in a tube furnace. A glass tube 
connector with Nitrogen flow was connected and allowed to purge for 1 h. Thereafter, 
it was heated to 500 °C for 30 min and held for 1 h with the continuous flow of nitrogen. 
The collected black carbonaceous residues were crushed into powder using a pestle 
and mortar. 
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2.2. Characterisation techniques 
2.2.1. Thermal gravimetric analysis 
 
Thermogravimetric analysis (TGA) is a technique that is used for studying the thermal 
properties of materials. In principle, a measured sample of interest is placed in a 
crucible and heated under an inert atmosphere (nitrogen) or a reactive atmosphere 
(air) at a constant heating rate. The changes in mass of a sample is measured as a 
function of increasing temperature or time. The weight losses are usually correlated to 
a loss of a specific substance or element; thus, the loss can be used to determine the 
content of that substance or element within the sample [57].  
In the present study, the pristine sucrose, electrospun PVA and the electrospun 
PVA/Sucrose nanofibers were analysed in TGA for studying the behaviour of the 
samples as they degrade in relation to the changes in temperature and subsequently 
determine their carbonising temperature. A TA Instruments Q600 SDT instrument with 
a heating rate of 10 °C/min between 20 and 600 °C under N2 with a purge rate of             
20 mL/min was used for the analysis.   
 
2.2.2. Differential scanning calorimetry 
 
Differential scanning calorimetry (DSC) is another technique that is used for studying 
the thermal properties of materials, it is normally used in conjunction with the TGA. In 
a DSC, a measured sample of interest is placed in a crucible alongside an empty 
crucible that serves as a reference for the analysis and these get heated at a constant 
heat flow. During the heating process, the critical thermal properties of the sample 
such as the melting point, enthalpy specific heat or glass transition temperature 
causes a temperature difference in the sample. This temperature difference is 
measured and used to identify the critical thermal points of the sample [57].   
As the SDT instrument is operated simultaneously for DSC and TGA, in this study the 
DSC was used to investigate the critical thermal properties of the pristine sucrose, 
electrospun PVA and the electrospun PVA/Sucrose nanofibers samples in relation to 
the change in heat. 
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2.2.3.  Scanning Electron Microscopy  
 
A scanning electron microscope (SEM) is an analytical technique that is used for 
studying the surface topography and composition of a sample at a microscopic scale.  
In this technique, a beam of high-energy electrons (0.2-40 keV) is focused by 
condenser lenses towards a spot of conductive surface (0.4-5 nm) where it passes 
through pairs of scanning coils or deflector plates in the electron column. Upon 
deflection of the beam, it scans the sample over a rectangular area in a raster manner, 
allowing the electron beam and the atoms on the sample to interact and exchange 
energy. The interaction produces a variety of signals that contains information about 
the sample's surface topography and composition. A detector therefore converts the 
signal to a photographic image of the sample [58].  
 
In this study, the commercial activated carbon, graphitic carbon and carbon nanofibers 
were electroplated with Pb and the morphology of the electrodeposits on the surfaces 
were studied using SEM.  Prior and post carbonisation, the electrospun PVA/Sucrose 
nanofibers were expected to yield nanofibrous structures. Thus, SEM was used to 
confirm this morphology and to study the behaviour of the Pb deposits on the surfaces 
of the carbonised fibres. For analysis, all the samples were mounted on the SEM stubs 
using double-sided tape and were subjected to gold sputter coating for increasing their 
conductivity prior to analysis.  The diameter and morphology of the samples were 
viewed using a JOEL 7001F SEM typically at 20 kV at a working distance of 20 mm. 
 
2.2.4. Fourier Transform Infrared Spectroscopy 
 
A Fourier transform infrared (FTIR) spectroscopy is an analytical technique that 
provides information about the chemical bonding and molecular structure of materials.  
It presents a fingerprint of the sample since each specific chemical group has a specific 
frequency of wave number [59]. In principle, a molecule is subjected to an infrared beam 
and the absorption of this radiation will promote the excitation of its molecular 
vibrations by depositing quanta of energy into vibrational modes. The chemical bonds 
absorb the infrared energy at specific frequencies (or wavelengths) corresponding to 
its molecular modes of vibration in the region of the electromagnetic spectrum. This 
absorption corresponds specifically to the bonds present in the molecule and the 
resulting spectrum is characteristic of the molecular structures present in the sample 
[60,61]. 
32 
 
In this study, the pyrolysis of electrospun PVA/Sucrose mats was expected to yield 
carbonaceous nanomaterials. It was then necessary to investigate if the chemical 
bonds corresponding to the dehydration will be confirmed to ensure complete 
carbonisation. It was of interest to investigate the complex structural changes that 
might have occurred due to the blending of PVA and sucrose materials to form 
nanofibers as well as the structural changes occurred due to the carbonisation of the 
nanofibers. The FTIR study was thus carried out using a Bruker Tensor 27 FTIR 
Spectrometer in the wave number range of 500-4000 cm-1.  
 
2.2.5. X-Ray Diffraction  
  
An X-ray Diffraction (XRD) spectrometer is an instrument that is used for studying the 
chemical composition and crystallographic structure of compounds. A crystalline 
lattice is a regular three-dimensional distribution (cubic, rhombic) of atoms in space. 
The atoms are arranged in such a manner that they form a series of parallel planes 
separated from one another by a distance (d), which varies according to the nature of 
the material [62]. When a monochromatic x-ray beam with a wavelength lambda (λ) is 
projected onto a crystalline material at an angle theta (θ), diffraction occurs only when 
the distance travelled by the rays reflected from successive planes differs by a 
complete number of wavelengths. The intensity of the diffracted beam is maximal 
when all the diffracted rays give constructive interference and is described by the   
Bragg's law [63]: 
λ=2dsinϴ  
 
In this study, the crystallographic structure of the commercial and synthesised 
carbonaceous PVA/Sucrose fibres was confirmed by using a Bruker D2 Phaser, 
operated at 30 kV voltage and at 10 mA current in the scanning range of 0°≤2θ≤70° 
and with a Cu tube of λ=0.154 [Å].  
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2.2.6. Brunauer Emmett Teller  
 
The Brunauer Emmet Teller (BET) is a characterisation technique that is used to 
measure the surface area and the porosity of a material. In BET, a known amount of 
gas usually Nitrogen is allowed to adsorb on the surface of the sample. With 
continuous adsorption, the pressure is reduced to reach its saturation limit wherein 
adsorption is halted.  The sample of interest is then heated and the released nitrogen 
is measured. This gives the adsorption-desorption curve which is a plot of adsorbed 
gas versus relative pressure. From the adsorption-desorption curve, information about 
the material surface and pores is revealed. The specific surface area is measured by 
calculating the amount of gas needed to form a single layer on the surfaces [64].  
Prior to surface area analysis, the samples were degassed overnight at 30 °C, 110 °C 
and 250 °C for the as spun PVA/Sucrose fibres, commercial carbons and the 
carbonised PVA/Sucrose fibres, respectively. Thereafter, the analysis of the surface 
areas was investigated on the TriStar II 3020 3.0 instrument.  
 
2.2.7. Electroplating 
 
Electroplating is a method that uses an electrolytic cell to deposit a layer of metal into 
another metal or into a conducting material through hydrolysis. A direct current (DC) 
induces the redox reaction.  The object to be plated is the cathode and is connected 
to the negative terminal of the battery. While the material that provides metal for plating 
is an anode the plating metal is an anode and is connected to the positive terminal of 
the battery. Both the cathode and anode are immersed into an electrolyte solution that 
contains the same metal ions that will be plated [65]. Electroplating is initiated by 
powering the DC supply, allowing the material to be plated on the cathode to develop 
a negative charge which makes it to attract metals ions into it. On the surface of the 
material, the attracted metal ions are reduced into metal, thus, allowing plating to 
occur. While this occurs, the anode is oxidized, allowing the metal ions to be released 
into the electrolyte solution to ensure that metal ions are constantly supplied for plating 
the material on the cathode [66].  
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In this study, different carbon pastes were individually prepared by dissolving        
0.0120 g of polyvinylidene fluoride (PVDF) binder in 1 mL N,N-Dimethlyformamide 
(DMF). To this, 0.5 g of the individual commercial carbons and the carbonised 
PVA/Sucrose fibres were added to form a paste.   
For electroplating, bare Pb sheets were individually coated with a layer of the carbon 
paste and dried at 100 °C for approximately 5 min. This served as a cathode, while a 
bare Pb sheet served as an anode. For each carbon nanofiber paste prepared, 
electroplating was done by immersing the anode and cathode electrodes in 0.1 M 
Pb(NO3)2 electrolyte. A Xytron DC Power Supply (Model SP303EGC) was powered to 
allow electroplating at 002.0 V for 30 s. The Pb deposited carbon samples were 
washed repeatedly with water to remove excess nitrate and dried for 4 h at 80 °C in 
an inert atmosphere (N2 gas) to prevent further oxidation of the Pb. A schematic 
diagram representing a typical electrolytic cell for electroplating metallic Pb onto a 
carbonaceous material is shown in Figure 2.1.1. 
 
 
 
 
 
 
 
 
 
 
                     Figure 2.1.1: Schematic diagram of an electrolytic cell 
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2.2.8. Cyclic Voltammetry    
Cyclic voltammetry (CV) is an electrochemical technique that is used to study the 
electron transfer kinetics and transport properties of electrolysis reactions. In CV, the 
current is measured as a function of the linear potential applied. As the species react 
at different potentials and with different intensity, the CV enables multiple detections 
in one measurement (qualitative) and the estimation of their concentration in solution 
(quantitative) [67]. The technique uses a cyclic potential waveform and consists of two 
parts; a forward and reverse sweep. The forward sweep is anodic wherein the potential 
is increased while the reverse sweep is cathodic wherein the potential is reduced. The 
current resulting from the potential application is due to the occurrence of redox 
reactions in the solution (Faradic current) and to the double layer charging (capacitive 
current). The current response is plotted as a function of voltage rather than time [68].  
 
The CV experiments in this study were conducted in a H2SO4 electrolyte with a specific 
gravity of 1.28 g/cc. A three-electrode configuration with Hg/Hg2SO4 (MSE) was used 
as a reference electrode, Platinum (Pt) wire was used as counter electrode and a lead 
sheet with a carbon paste was used a working electrode. The Potentiostat scans were 
conducted at 5 mV/s between -0.8 and -0.8 V using a Gamry Reference 300 
Potentiostat. Duplicate measurements were done to verify repeatability.  
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                                               CHAPTER 3 
Results and Discussion 
The first part of this study is focussed on discussing the chemical and physical 
properties of the commercial carbonaceous nanomaterials and investigating the 
relationship between the carbon surfaces and the Pb electrodeposits. The second part 
is focussed on synthesising carbon nanofibers from varied blends of PVA/Sucrose via 
electrospinning. Studying the properties of these carbon nanofibers and investigating 
the relationship between the carbon surfaces and the Pb electrodeposits. 
 
3.1. Commercial carbonaceous nanomaterials 
 
Studies conducted have shown that there are varied beneficial effects obtained when 
different types of carbon allotropes (activated, graphitic and carbon nanofiber) are 
incorporated as additives in the NAM [8,11,14,18,22].  These carbonaceous nanomaterials 
are able to influence different electrochemical factors that impedes sulfation on the 
negative plate under HRPSoC due to the varied chemical and physical properties that 
they possess at the nanometer level [11,22]. In the present study, it was of interest to 
study the properties of the carbonaceous nanomaterials prior to investigating the 
behaviour of the Pb electrodeposits on the surface of the carbon surfaces.  
 
3.1.1. Microstructure analysis 
 
The crystallinity of the commercial carbonaceous nanomaterials was studied using 
XRD and the diffractograms with a scanning range of 0°≤2θ≤70° are presented in 
Figure 3.1.1. Graphite (Fig.3.1.1a) is the only crystalline nanomaterial amongst the 
other nanomaterials as seen by the presence of a sharp distinctive peak at 2θ = 26° 
which corresponds to the (002) plane of the hexagonal graphite structure. Another 
characteristic peak of graphite is at 2θ = 54° and it corresponds to the (004) plane of 
the nanomaterial. Implying that graphite is a highly oriented carbon material [69]. The 
presence of broad amorphous halo on the diffractograms of the activated carbon 
(Fig.3.1.1b) and carbon nanofiber (Fig.3.1.1c) reveal that these nanomaterials are of 
amorphous nature. For the carbon nanofiber, the broad halo at 2θ=26° and 2θ=44°, 
respectively correspond to the (002) and (100) plane which are characteristic of the 
carbon material [70]. These amorphous halos are also observed on the activated 
carbon diffractogram, but they appear to be very broad as indicative of the carbon 
material [71]. 
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(a) 
(b) 
 (c) 
Figure 3.1.1: Diffractogram of (a) Graphite, (b) Activated carbon and (c) Carbon 
nanofiber 
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3.1.2. Surface area analysis 
As previously mentioned that the overall performance of the Pb-acid battery depends 
on the active materials of the positive and negative plates. This is quite a challenge 
because the negative plate has a relatively low surface area (0.5-1 m2/g), such that 
when the battery is operated at HRPSoC, it influences sulfation on the NAM [8,14]. To 
hinder the susceptibility of the negative plate sulfation, it is ideal to add carbonaceous 
additives with high surface area as they aid in forming a stable layer that separates 
the passivating PbSO4 crystals into individual porous crystallites. Allowing the 
electrolyte to access the reaction sites for further interactions and overall improved 
battery performance [12,13].  This suggests that the varied surface areas of the carbon 
materials have an influence on how the Pb deposits on the carbon surface and how it 
further behaves in the electrochemical redox of Pb/PbSO4 couple. Thus, the surface 
areas of the commercial carbons were studied using BET and the study findings are 
tabulated in Table 3.1.1.  
 
The activated carbon has the highest surface area (1359.7 m2/g) that is attributed to 
the large surface area of the mesopores in the carbon material. The porous structure 
of the activated carbon allows it to act as a porous-skeleton builder that enhances the 
porosity and active surface of NAM, thus, promoting more sites for the Pb to bind and 
subsequently more sites for the crystallisation/dissolution of PbSO4 upon discharge 
[8,72]. With the activated carbon having the highest surface area, it could be 
hypothesised that Pb will have high affinity towards the carbon. While the low surface 
areas and the non-porous structures of the graphite (102.9 m2/g) and carbon nanofiber 
(498.3 m2/g) will hinder the electrodeposition of Pb as there will be low affinity between 
the carbon surfaces and the Pb deposits.  
 
Table 3.1.1: Surface area of commercial carbons 
Carbon BET Surface Area 
 (m2/g) 
Activated carbon 1359.7 
Graphitic carbon 102.9 
Carbon nanofiber 498.3 
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3.1.3. Morphology analysis 
 
The carbon materials incorporated as expander additives are known to enhance the 
overall performance of the battery.  Although there have been numerous studies that 
have extensively looked at the benefits of adding carbons to enhance the performance 
of the battery in terms of resistance to sulfation, increased cycle life and battery 
lifespan; there have not been many studies that have been reported on the mechanism 
in which the carbon can achieve such benefits [23]. The manner in which the Pb 
deposits on the carbon surfaces affects the homogeneity of the PbSO4 crystals upon 
discharge. In principle, the Pb growth on the carbon surface should be homogeneous 
such that upon discharge it would influence the homogeneity of the porous PbSO4 on 
NAM to allow complete charge acceptance and avoid the accumulation of passivating 
PbSO4 [8,22]. In this study, the commercial carbon surfaces were electroplated with Pb 
and the morphology of the deposits on the carbon surfaces was analysed on SEM to 
investigate the driving forces behind the varied shapes and affinity of Pb on the carbon 
surfaces. The morphological study findings are illustrated by the micrographs in Figure 
3.1.2 to Figure 3.1.4. 
The activated carbon (Fig.3.1.2) is the only carbonaceous surface that had the wide 
distribution of Pb that deposited uniformly on its surface as thin rod-shaped particles 
with an average diameter of 0.37 μm. Implying that the Pb had high affinity towards 
the activated carbon surface.  Supporting the hypothesis (section 3.1.2) that the larger 
the surface area of the carbon, the stronger the Pb affinity towards the carbon surface. 
The uniform manner in which the Pb deposited on the carbon is ideal for NAM 
applications. 
 
Although it was hypothesised that the low surface area of the graphite will hinder the 
Pb from depositing on its surface, the visible Pb deposits on the surface of the graphitic 
carbon (Fig.3.1.3) indicates that the Pb had affinity towards the carbon. Graphite is 
illustrated to be in a form of flat and plate structures that are characteristic of natural 
crystalline graphite [15].  Unlike the activated carbon, the Pb particles deposited on the 
graphite in a mixture of long and short thin-rod shaped particles with an average 
diameter of 0.15 μm.  As the Pb particles are not individually distributed across the 
surface of the graphite but rather as a network around the edges of the graphitic plates, 
this behaviour can be attributed to the conductivity of graphite [15].  
40 
 
In a graphite, 3 carbon atoms in the plane of the graphite are only covalently bonded 
to 3 of the outer energy level electrons. With this, each carbon donates 1 electron to 
a delocalised system of electrons which is also part of the chemical bonding. Hence, 
the delocalised electrons are free to move around the plane enabling the graphite to 
only conduct electricity along the planes of the carbon atoms [15].  The heterogenous 
manner in which the Pb deposited on the carbon surface is not ideal for NAM as it 
could promote sulfation and low charge acceptance.  
It is surprising to note that although the carbon nanofiber (Fig.3.1.4) had a relatively 
higher surface area than the graphite, but there is low affinity between the Pb and the 
carbon surfaces as attested by the few thin rod-shaped Pb deposits that have an 
average diameter of 0.18 μm. The electrodeposited Pb looks like foreign particles 
incorporated on the sections of the carbon surface and is not displayed to be widely 
distributed across the surface. This is indicative that even though there may be a slight 
affinity between the two surfaces, the affinity is not strong enough to promote the wide 
distribution of Pb. Should there have been a relatively high affinity between the carbon 
surfaces and the Pb deposits, the Pb nuclei would have grown rapidly on the carbon 
surface to form a network of interconnected Pb particles [2].  The low affinity could be 
attributed to the low surface area of the nanomaterial.  
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(a) 
 
 
 
 
(b) 
 
 
 
 
Figure 3.1.2: Morphology of the activated carbon with Pb deposits at (a) high 
magnification and at (b) low magnification 
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(a) 
 
 
(b) 
 
 
 
 
Figure 3.1.3: Morphology of the graphitic carbon with Pb deposits at (b) low 
magnification and at (b) high magnification 
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(a)  
 
 
 
 
(b) 
 
 
 
 
 
Figure 3.1.4: Morphology of the carbon nanofiber with Pb deposit at (a) low 
magnification and at (b) high magnification  
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3.1.4. Electrochemical analysis 
 
As previously mentioned that during battery operation there is a redox reaction that 
occurs wherein the Pb on the negative plate is oxidised to PbSO4 upon discharge. 
While upon charging, the PbSO4 is reduced back to Pb [2]. However, with the HRPSoC 
conditions that the Pb-acid battery is operated on, the passivating PbSO4 enhances 
sulfation which damages the cyclability of the battery. Carbon additives have been 
shown to reduce sulfation and enhances the overall electrochemical performance of 
the battery [12.13]. In this study, it was of interest to investigate the electrochemical 
relationship between the carbonaceous surface and the Pb/PbSO4 couple. Thus, CV 
was employed for the electrochemical analysis and the obtained voltammograms are 
presented in Figure 3.1.5 to Figure 3.1.8.   
 
Prior to studying the electrochemical behaviour between the Pb and the carbons, the 
bare Pb electrode was analysed on its own at a scan rate of 5 mV/sec and is presented 
by the voltammogram in Figure 3.1.5.    
 
   
Figure 3.1.5: Voltammogram of the bare Pb electrode at 5 mV/s 
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The voltammogram (Fig 3.1.5) shows two distinct peaks corresponding to the classic 
Pb/PbSO4 redox couple in H2SO4.  The oxidation of Pb to PbSO4 is shown by the high 
intensity peak in the forward reaction (anodic), which represents the discharge process 
at the negative electrode of the battery. The charge process of the battery is 
represented by the low intensity peak in the reverse reaction (cathodic) wherein 
PbSO4 is reduced to Pb [8].  In principle, the anodic peak intensity should be high as 
there is a rapid reaction of Pb to PbSO4 due to the high concentration of Pb. Due to 
the low concentration of PbSO4 in the redox reaction, there is partial conversion of 
PbSO4 to Pb, hence, the cathodic peak intensity should be relatively low [73]. In this 
study, the current of the anodic peak is 35 mA and -7 mA for the cathodic peak. 
  
In comparison to the bare Pb electrode, research has shown that the incorporation of 
carbon on the Pb electrode surface enhances the anodic and cathodic peak 
corresponding to the Pb/PbSO4 redox potentials [72,73]. In this study, it was expected 
that the incorporation of the carbon pastes on the Pb electrode would provide 
enhanced peak intensities which would imply that the addition of the carbon on NAM 
improved the electrochemical reactions in the cell. However, it can be noted that the 
addition of the commercial carbons on the Pb electrode neither enhanced the anodic 
nor the cathodic current peaks.  
 
It could be suggested that the failure of the carbonaceous materials to enhance the 
current peaks could be the lack of electroconductivity because should they have had 
high electroconductivity, the carbon would allow the electrochemical reactions to 
proceed at the Pb/Carbon interface [12]. The failure could also be attributed to the 
assembly of the working electrode in the cell. In literature [8,73], a Teflon-cap containing 
two layers of AGM separator is soaked into the H2SO4 electrolyte. A powder carbon 
sample is spread evenly on the AGM layer and wet by adding a few drops of the 
electrolyte to ensure good contact with the electrode. A Teflon holder with 
encapsulated metallic Pb electrode is inserted into the Teflon cap and cyclic 
voltammetry analysis are then conducted. Due to the lack of the above-mentioned 
materials, carbon pastes were prepared by mixing with PVDF binder and pasted on 
the bare Pb electrode. For analysis, it is only the carbon region that was exposed to 
the electrolyte. It is a possibility that the assembly used in this study restricted the 
proper transfer of electrons from the carbon to the electrolyte.     
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On the voltammograms of the Pb/Commercial carbons, it is only the Pb/activated 
carbon electrode (Fig.3.1.6) that shows two distinct peaks that correspond to the 
anodic and cathodic current potentials. Although the peak intensity is not higher than 
the bare electrode, but the presence of the two peaks supports the notion that there is 
good contact between the Pb and the carbon as attested by the wide uniform 
distribution of the Pb on the carbon surface (Fig 3.1.2).  It could be suggested that the 
high surface area of the activated carbon influenced the high affinity of the Pb and the 
good contact that is electrochemically illustrated by the redox current potentials.  
 
As the micrographs (Fig.3.1.3 and 3.1.4) have showed that neither the graphitic carbon 
nor the carbon nanofiber had strong affinity towards the Pb. The voltammograms 
(Fig.3.1.7 and 3.1.8) are in accordance with the micrographs as there are only anodic 
current potentials peaks that are observed at very low intensities of 8 mA and 5 mA 
for the graphite and carbon nanofiber, respectively. The presence of the low intensity 
anodic peak suggests that there is small concentration of Pb on the reaction, thus, the 
contact between the Pb electrode and the carbon interface was not good enough to 
promote the electrochemical reactions on the Pb/Carbon interface to proceed.   
 
 
 
Figure 3.1.6: Voltammogram of the Pb/Activated electrode at 5 mV/s 
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Figure 3.1.7: Voltammogram of the Pb/Graphitic carbon electrode at 5 mV/s 
 
 
 
 
Figure 3.1.8: Voltammogram of bare Pb/Carbon nanofiber electrode at 5 mV/s 
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3.2. Electrospun carbon nanofibers 
3.2.1. Thermal analysis 
 
When organic materials are exposed to high temperatures in the absence of oxygen 
or reactive atmosphere, they undergo a process termed pyrolysis in which their 
chemical structure becomes stable up to a specific temperature range and thereafter 
undergo thermal degradation without any oxidation or combustion. One of the aims 
was to fabricate carbon nanofibers from heat treatment of electrospun PVA/Sucrose 
nanofibers using a tube furnace in the presence of nitrogen. Thermogravimetric 
Analysis (TGA) was then used to simulate the carbonizing process of the PVA/Sucrose 
blends that takes in a tube furnace. Results obtained from TGA would also give an 
understanding of the degradation process of the above-mentioned blends as they are 
carbonized, furthermore on predicting the % yield of the residual carbonized product. 
The findings of these thermal analysis investigations are displayed on Figure 3.2.1 to 
Figure 3.2.6.  
The obtained thermal degradation profile of sucrose is illustrated by the 
thermogravimetry (TG) and derivative thermogravimetry (DTG) curves in Figure 3.2.1 
below.  
 
Figure 3.2.1:  TG and DTG curves of Sucrose 
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Figure 3.2.2: Pyrolysis of sucrose 
The DTG curve clearly indicates that the degradation of sucrose occurs in a two-step 
process as presented by the broad peaks from 215-250 °C and 260-335 °C, 
respectively. On the TG curve it shows that as the sucrose was being pyrolysed it 
remained stable until 215 °C when the material experienced its onset weight loss of 
27.40% which is attributed to breakage of the glycosidic bonds that are joining the 
sucrose molecule. This breakage forces the disaccharide to release the fructose and 
glucose constituents as shown by the reaction in Figure 3.2.2. The constituents further 
undergo caramelisation as indicated by the drastic weight loss of 48.42% from 260 °C. 
Thereafter, it forms a black-char like solid, indicating that the sucrose material has 
been fully carbonized as observed by Zhao and Umemura (2015) [74].                                  
At approximately 500 °C, sucrose yields a carboneceous residue of 22%.  
 
The thermal degradation of PVA is illustrated in Figure 3.2.3, where a two step thermal 
degradation is obervsed from 230 to 380 °C and from 390 to 470 °C for the first and 
second step, respectively.  As PVA is a hydrophilic polymer, it experiences a relatively 
low weight loss at lower temperatures (<100 °C) which is attributed to loss of water. 
The 65.59% and 15.98% weight loss are attributed to the breakage and degradation 
of the polymer, respectively. These PVA thermal findings are in accordance with a 
study conducted by Islam and Karim (2010) [75]. The PVA yields a low residue of 8% 
formed at approximately 500 °C. This is relatively low carbon material product with 
respect to sucrose which is about 22%. 
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Figure 3.2.3:  TG and DTG curves of the electrospun PVA 
 
The TG and DTG overlayed thermograms of the various PVA/Sucrose blends are 
displayed on Figures 3.2.4 and 3.2.5, respectively. Where it can be observed that at 
approximately 500 °C,  the final residue decreases as the sucrose content decreases 
on the PVA/Sucrose blends (Fig 3.2.4). While the DTG curve (Fig 3.2.5) shows an 
increase in the intensity of the peak around 450 °C which is due to an increase in PVA 
content. On the DTG curve (Fig.3.2.5), the depicted endothermic peaks are indicative 
of the degradation stages of the materials; wherein there are three peaks for the 
PVA/Sucrose 25:75 nanofibers and four for the PVA/Sucrose 50:50 and PVA/Sucrose 
75:25 nanofibers. The first weight loss on the materials is due to the moisture removal 
and this behaviour is a charasteristic of the present hydrophilic PVA material. 
Thereafter, they had a constant degradation until they encountered a second weight 
loss of 25.72% from 215 °C. This slight weight loss is associated with the sucrose 
material on the fibers where the glycosidic bond is broken to release fructose and 
glucose monosaccharides.  
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From this stage onwards the PVA/Sucrose nanofibers behaved differently from each 
other as they experienced varied pyrolysis stages. For the PVA/Sucrose 25:75 
nanofibers, the separated glucose and fructose monosaccharides experienced 
caramelisation as shown by the third weight loss from 260 °C. Thereafter, the 
nanofibers mimicked the degradation behavior of sucrose with no further weight loss, 
proving that indeed it had the highest quantity of sucrose (75%) on its electrospinning 
blend. 
This behaviour was different to that of the PVA/Sucrose 75:25 and PVA/Sucrose 50:50 
because there are no caramelisation peaks that are observed around 260 °C. But 
rather a third broad  peak from 275 °C and a fourth one at 390 °C which are 
charasteristic of the pure PVA wherein the material is broken down into its constituents 
prior to carbonisation.  Although the PVA/Sucrose 50:50 nanofiber had equal amounts 
of sucrose and PVA blended to form an electrospinning solution, the majority of the 
samples’ degradation was from PVA material implying the PVA material was 
expressed more on the blend than the sucrose because sucrose has a small molecular 
weight (342.3 g/mol) while the PVA used in this study has a relatively high molecular 
weight (130000 g/mol). This behaviour supports the notion that the PVA polymer acted 
as the main backbone chain  with sucrose additives  bonded to the PVA chain 
covalently through intermolecular hydrogen bonding. Therefore, as the thermal profile 
of the PVA/Sucrose nanofiber shows the individual thermal behaviours of PVA and 
that of sucrose on the material; this proves that indeed the materails were blended 
together  and that 500 °C is the optimum temperature for pyrolysis.  
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Figure 3.2.4: TG overlay thermogram of  PVA, Sucrose and PVA/Sucrose blends 
 
Figure 3.2.5: DTG overlay thermogram of PVA, Sucrose and PVA/Sucrose blends 
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The DSC instrument can reveal the first and second order thermal transitions such as 
the melting (Tm), crystallization (Tc) and glass transition (Tg) phenomena [57]. The 
DSC profiles of sucrose, PVA, PVA/Sucrose nanofibers are illustrated in Figure 3.2.6. 
Sucrose is known to melt before it undergoes degradation, and this is proven by the 
presence of a sharp endothermic peak and a broad endothermic peak at 190 °C and 
230 °C which are attributed to the Tm and degradation of sucrose, respectively. This 
degradation curve is in accordance with the TG curve (Fig.3.2.1) where the glycosidic 
bonds of sucrose were broken down  to release the glucose and fructose from 215 to 
250 °C. As the Tm peak of sucrose is very sharp and is within the 186-192 °C range, 
this is indicative that it is a pure crystalline material [76]. 
For the pure PVA curve, there is an endothermic peak at 44.87 °C which is assigned 
to the removal of moisture from the material and can also be assigned to the glass 
transition phase of the material with an enthalpy change of 185.1 J/g.  This 
endothermic peak is also present on the PVA/Sucrose nanofibers as it is exhorted by 
the PVA material and is in accordance with the moisture removal peak on the TG and 
DTG curves in Figure 3.2.3.  
PVA is known to exist as a partially crystalline-structured polymer, upon bonding to 
another material, its chemical and physical properties encounter alterations. As its 
chemical formula is [-CH2CHOH-]n, the H-bonding found in between the -OH groups  
on the structure is responsible for forming  interchain and intrachain polymer 
interactions. When the PVA was covalently bonded to sucrose to form an 
electrospinnable PVA/Sucrose polymeric solution, the -OH groups of sucrose changed 
the intermolecular and intramolecular interaction between the PVA polymer chains, 
resulting in alterations in the composition of the crystalline structure together with its 
crystallization behaviour [77]. Hence, the melting points obtained from the DSC curve 
for the pure electrospun PVA is 192 °C. Upon blending with increasing quantities of 
sucrose, the Tm shifted to 183 °C, 185 °C and 188 °C for PVA/Sucrose blends of 
75:25, 50:50 and 25:75, respectively. The shift is suggestive of the covalent bonding 
wherein the intramolecular interaction between the PVA molecule triggered the 
weakening of the PVA molecular backbone. It was of interest to numerically tabulate 
the varied melting points for each material for visualisation purposes  as presented in 
Table 3.2.1.   
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Figure 3.2.6:  DSC overlay thermograph of PVA, Sucrose and PVA/Sucrose blends  
 
Table 3.2.1: The melting phase transition associated with PVA, Sucrose and various 
PVA/Sucrose blends  
 
Sample 
Melting phase transition 
(Tm) 
∆H (J/g) Tm (°C) 
PVA 32.86 192 
Sucrose 112.0 190 
PVA/Sucrose 75:25    10.34 183 
PVA/Sucrose 50:50 53.14 185 
PVA/Sucrose 25:75 64.26 188 
 
According to the thermal analysis results, the electrospun nanofibrous mats of 
PVA/Sucrose carbonise at 500 °C. A tube furnace was employed to simulate the 
carbonisation of the nanofibers under N2 atmosphere to obtain black degraded nano 
carbonaceous residues for further experiments.  
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3.2.2. Spectroscopic analysis 
The carbonisation of the electrospun PVA/Sucrose nanofibers was expected to yield 
carbonaceous nanomaterials. To confirm the complete carbonisation of the 
nanofibers, it was necessary to investigate the presence of chemical bonds prior to 
carbonisation and the diminution of these bonds post carbonisation by employing an 
FTIR instrument to study the structural changes. The studies conducted on the 
chemical structures and bonding conditions of the materials are presented by the 
spectra in Figure 3.2.7 to Figure 3.2.10.  
Before any chemical and structural analysis could be conducted on the PVA/Sucrose 
blends, it was necessary to investigate the individual behaviour of the sucrose and 
PVA materials in order to understand how they behave prior and post carbonisation.  
Thus, the spectra in Figure 3.2.7 reveals variations in the physical structure of sucrose 
before and after it has been carbonised by pyrolysis.  Pure sucrose (Fig.3.2.7a) has 
three distinct absorption zones; with the first one at 3500–3000 cm−1 assigned to the 
O–H vibration and the small peak next to is assigned to the aliphatic C–H vibrations. 
The second absorption zone at the 1500–1280 cm−1 region is assigned to the single-
bond vibrations of O–C–H and C–C–H. While the absorption zone in the intense 
stretches in the finger print region (1200–450 cm−1) is assigned to C–O–H and C–O–
C vibrations [78].  
 
Carbonising sucrose by pyrolysis (Fig 3.2.7b) brought significant changes in the 
structure of the material as it resulted in the dehydration and subsequent diminution 
of the three major bond peaks that are mentioned above.  The diminution of the O-H 
peak, C-H stretches, C-O stretches and O-H bending in the spectra attests to the 
successful carbonisation of the sucrose material. With the removal of key bonds, new 
hydrogen interactions corresponding to the C=O vibrations was formed at the           
1707 cm−1 region. The carbonaceous nature of the material was also confirmed by the 
peaks at 1590 cm−1 and 1420 cm−1 which are assigned to the C=C stretches. The 
sucrose spectra are in agreement with the ones reported in literature [78,79,80].  
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Figure 3.2.7: FTIR spectra of (a) sucrose and (b) carbon derived from sucrose 
 
The structural changes of the PVA polymer are presented by the spectra in            
Figure 3.2.8 wherein a distinctive peak is observed at 3319 cm−1 and is linked to the 
stretching of the O–H from the intramolecular and intermolecular hydrogen bonds. The 
small peaks observed at 2939 and 2916 cm−1 are assigned to the symmetric and 
asymmetric stretching vibrational of C–H from alkyl groups. The peaks at 1718, 1425, 
1375, 1091 and 838 cm−1 are respectively assigned to the C=O carbonyl stretch,        
C–H bending vibration of CH2, C–H deformation vibration, C–O stretching of acetyl 
groups and C-C stretching vibration, accordingly. This spectrum is similar to that of 
PVA reported in a previous study conducted by Kharzmi et al., (2015) [56].  Post 
pyrolysis, the major peaks disappeared (Fig.3.2.9b), confirming the occurrence of 
structural changes where the PVA polymer backbone was broken down to produce 
carbonaceous residue as attested by the presence of a new peak corresponding to 
the C=C stretch at 1600 cm-1.  
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Figure 3.2.8:  FITIR spectra of (a) electrospun PVA and (b) carbon derived from 
PVA  
 
The above-mentioned structural changes observed on the sucrose and PVA were 
expected for the various blends of PVA/Sucrose nanofibers presented in Figure 
3.2.10. The FTIR spectra of the PVA/Sucrose nanofibers (Fig.3.2.9a and b) reveals 
that the ratio of 75:25 and 50:50 have similar spectrum as the PVA materials               
(Fig. 3.2.8). These study findings are in accordance with the thermal analysis results 
(Fig.3.2.4 and Fig.3.2.5) wherein in the degradation of PVA/Sucrose 75:25 and 50:50 
where it was shown that the majority of the samples’ degradation was from the PVA 
material. Implying the PVA material was expressed more on the blend than the 
sucrose,  supporting the notion that the PVA polymer acted as the main backbone 
chain with sucrose additives bonded to the PVA chain through intermolecular 
hydrogen bonding. 
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Regardless of the 25% PVA presence on the electrospun PVA/Sucrose 25:75 
nanofibers, the high sucrose content on the nanofibers influenced the chemical 
structure and bonding of the nanofibers as attested by its spectrum in Figure 3.2.9c 
which is similar with that of sucrose in Fig 3.2.7a. Implying that the high quantity of 
sucrose present suppressed the PVA properties as there are no visible bend nor 
vibrations that are attributed by the PVA on the blend.  This notion is supported by the 
thermal analysis results in Figure 3.2.4 and Figure 3.2.5 wherein the degradation of 
the PVA/Sucrose 25:75 was shown to mimic the degradation of pure sucrose. 
 
 
 
Figure 3.2.9:  FITIR spectra of the electrospun (a) PVA/Sucrose 75:25, 
PVA/Sucrose 50:50 and PVA/Sucrose 25:75  
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Post pyrolysis, there were significant changes on the structures of the carbon 
nanofibers derived from PVA/Sucrose as illustrated by the spectra in Figure 3.2.10. 
Regardless of the different quantities of PVA and sucrose on the carbonised materials, 
they all had similar spectrum wherein all the major bond peaks have disappeared. With 
only the appearance of a new bend which corresponds to the C=C stretch at              
1600 cm-1, confirming the successful carbonisation of the PVA/Sucrose nanofibers. 
These FTIR study findings are in agreement with the XRD diffractograms (Figure 
3.1.12) wherein the two diffraction peaks on the materials corresponded to the graphite 
plane, thus, confirming the carbonaceous nature of the pyrolysed PVA/Sucrose 
materials.   
 
 
Figure 3.2.10: FTIR spectra of the carbon nanofibers derived from electrospun                        
(a) PVA/Sucrose 75:25, (b) PVA/Sucrose  50:50 and (c) PVA/Sucrose 25:75  
 
  
60 
 
3.2.3. Microstructure analysis 
 
XRD was used to determine the microstructure of the carbonaceous nanofibers 
derived from PVA/Sucrose blends as presented by the diffractograms in Figure 3.2.11 
Although the materials were pyrolysed from different blends of PVA and sucrose, their 
diffractograms shows strong reflections at roughly 2ϴ=25 and weak reflections at 
2ϴ=44, which corresponds to the (002) and (100) planes of the graphite structure, 
respectively [81]. Confirming that the pyrolysed residues are of carbonaceous material. 
The broadness of the amorphous halos, indicates that the carbonaceous materials are 
of amorphous nature [82]. The (002) and (100) planes are in accordance with the 
diffractogram of the commercial carbon nanofiber (Fig.3.1.1c).  
 
 
Figure 3.2.11: Diffractogram of carbon nanofiber derived from (a) PVA/Sucrose 
25:75, (b) PVA/Sucrose 50:50 and (c) PVA/Sucrose 75:25 
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3.2.4. Surface area analysis 
 
The results obtained in Section 3.1 supports the notion that the high surface area of 
carbons greatly influences the deposition of the Pb on the carbon surface. It was 
shown that the high surface area of the amorphous activated carbon influenced the 
high affinity of Pb as it deposited widely on the carbon surface in a homogeneous 
manner. However, for the amorphous carbon nanofiber there was a very low affinity 
between the Pb and carbon surface and this was attributed to the lower surface area 
of the carbon. With the varied surface areas and varied Pb growth on the carbon 
surfaces, this implies that the surface area of the fabricated carbon materials from 
PVA/Sucrose blends would also display similar results. It was of interest to investigate 
the surface areas of the electrospun mats prior and post carbonization for variations. 
To use the obtained surface areas of the carbonised PVA/Sucrose blends to predict 
the affinity of the Pb across the varied carbon surfaces. The surface analysis findings 
are tabulated in Table 3.2.2.  
 
Table 3.2.2: Surface area of PVA/Sucrose blends   
 
Blend 
BET Surface Area (m2/g) 
Electrospun mat Pyrolysed Carbons 
PVA/Sucrose 75:25 5.589 190.1 
PVA/Sucrose 50:50 3.975 250.1 
PVA/Sucrose 25:75 0.0802 304.4 
 
According to Table 3.2.2, the surface area of the electrospun mats decreases with an 
increase in sucrose on the blend. This behaviour is attributed to the size of the 
electrospun mats, an inclusion of sucrose on the electrospinning blend increased the 
viscosity of the solution and subsequently the fabrication of fibres with increased 
diameter. Hence, the larger the size of the electron PVA/Sucrose fibre; the smaller the 
BET surface area.  Although the surface areas of the carbonised materials are not in 
close range with that of the commercial carbon nanofiber, it would be of interest to 
investigate the affinity of Pb growth on the varied carbon surfaces.  With these carbons 
derived from PVA/Sucrose blends, it would also be hypothesised that the larger the 
surface area of the carbon, the stronger the affinity of Pb growth towards the carbon 
surface.  
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3.2.5. Morphology analysis 
3.2.5.1. Electrospun fibres 
 
Several ratios of polyvinyl alcohol and sucrose were blended into an electrospinnable 
mixture in H2O and electrospun into PVA/Sucrose nanofibers. The morphological 
properties of these blended nanofibers were studied by SEM as illustrated by the 
micrograph in Figure 3.2.12.  
The PVA material has a relatively high molecular orientation in fibre orientation [83], 
hence, the electrospun PVA mat (Fig 3.2.12a) demonstrates good quality nanofibers 
of uniform tubular structures with an average diameter of 0.21 μm. Upon blending with 
increasing quantities of sucrose from 25-75%, the uniformity of the fibres was altered 
into beaded fibrous structures. The presence of 25% sucrose content on the 
electrospinning blend increased the viscosity of the blend which subsequently lead to 
the fabrication of PVA/Sucrose 75:25 nanofibers with increased average diameter of 
0.38 μm (Fig. 3.2.12b) [42]. 
 
Having equal quantities of the PVA polymer and sucrose on the electrospinning blend 
seem to have favoured the fabrication of beaded nanofibrous network structures with 
an average diameter of 0.56 μm as attested by the micrograph of the PVA/Sucrose 
50:50 nanofibers (Fig. 3.2.12c). The presence of 75% sucrose content on the 
PVA/Sucrose 25:75 blend resulted in the fabrication of large beaded fibrous structures 
with an average diameter of 1.62 μm (Fig. 3.2.12d). Suggesting that the low PVA 
content on the blend suppressed the ability of the polymer to covalently bond to 
sucrose via intermolecular hydrogen bonding [77]. The polymer was hindered from 
providing the electrospinnable properties to the excess sucrose crystals as shown by 
the presence of undissolved non-fibrous sucrose crystals. Although for this study it 
was ideal to electrospin nanofibers from a blend that consisted of high sucrose 
content, but the lack of electrospinnable properties on the sucrose disaccharide 
interfered with the morphology of the nanofibers.  
 
These results are in accordance with the surface area results (Table 3.2.1) wherein 
the increase in sucrose on the electrospun mats resulted in the fabrication of fibres 
with decreased surface areas suggesting an increase in the diameter of the fibres.  
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(a) 
 
 
 
(b) 
 
 
 
 
(b) 
 
 
 
 
(c) 
 
 
 
 
 
Figure 3.2.12: Micrograph of the as spun (a) PVA, (b) PVA/sucrose 75:25 fibres,        
(c) PVA/Sucrose 50:50 fibres and (d) PVA/Sucrose 25:75 fibres 
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3.2.5.2. Carbonised fibers 
 
Prior to carbonisation, nanofibers are stabilised by chemical agents that act as pre-
treatment methods for enhancing the thermal stability of the nanofibers. During the 
stabilisation process, the thermoplastic precursors (nanofibers) are converted to 
infusible highly condensed thermosetting nanofibers through intricate chemical and 
physical reactions such as dehydrogenation, cyclization and polymerization [81]. 
Subsequently, the nanofibers are carbonised by being subjected to a high temperature 
that eliminates the undesirable non-carbon elements by pyrolysis and dehydration [84].  
The PVA and sucrose materials employed in this study are of relatively high carbon 
content, making it feasible for the electrospun PVA/Sucrose nanofibers to be pyrolysed 
to carbon nanofibers. Although the PVA polymer on the PVA/Sucrose electrospinning 
blends provides electrospinnable properties that are lacked by sucrose and enhances 
the fabrication of nanofibers, it melts below the carbonisation temperature due to its 
thermoplastic behaviour and is thermally degraded into volatile molecular weight 
molecules. This results to unsustainable form of fibres and considerably low carbon 
yield. With this, researchers have encountered difficulties when they want to stabilize 
the polymer using heat-treatment at lower temperatures [81,84,85].   
New methods of PVA stabilisation have been implemented and of those; iodine 
treatment was found to be the most favourable as it aids in sustaining the initial shape 
of the nanofibers during carbonisation.  Iodine treatment achieves this by converting 
the single bond hydrocarbon structure of PVA to a double bond polyene-like structure 
that is infusible such that at high temperatures of carbonisation it does not melt but it 
forms polyaromatic structures with high carbon yield [84,85].  The reactions that occur in 
the dehydration of PVA by iodine treatment followed by carbonisation is compared 
with the carbonised untreated PVA mats in Figure 3.2.13.   
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Figure 3.2.13: Behaviour of the untreated and iodinated PVA mats during thermal 
treatment [85] 
Without pre-treatment stabilisation, it is difficult to carbonise PVA fibres as they will not 
be infusible to withstand the high temperature during carbonisation in the furnace and 
will tend to break into fragments. In this study, the white as spun PVA/Sucrose mats 
were pre-treated with iodine for 24 h at 80 °C. Thereafter, the iodine was vaporized, 
and the nanofibers were dehydrated into grey mats. Subsequently, the grey iodinated 
PVA/Sucrose nanofibrous mats were pyrolysed in a furnace at 500 °C in presence of 
nitrogen gas. The resultant black mats were collected and analysed as they were on 
SEM for morphological properties as presented in Figure 3.2.14.   
According to the micrographs in Figure 3.2.14, there is no carbonaceous material that 
kept its original nanofibrous structure reported in Figure 3.2.12. The carbon nanofiber 
derived from PVA/Sucrose 75:25 (Fig 3.2.14a) somehow possess a fibrous structure. 
With sucrose increment, the carbon nanofibers derived from PVA/Sucrose 50:50     
(Fig 3.2.14b) somehow retained its fibrous structure but it  melted during carbonisation 
to form interconnections with other fibres into a network of honey-comb like fibrous 
structures with an average diameter of 0.85 μm. As the as spun PVA/Sucrose 25:75 
had visible sucrose particles on its micrograph (Fig. 3.2.12d), after pyrolysis the 
crystals are invisible on the micrograph (Fig. 3.2.14c) as they were also carbonised 
into a network of large particles with an average diameter of 2.1 μm. This increase in 
diameter implies that the density of the carbon fibres has been greatly influenced by 
the individual sucrose crystals that were formed on the electrospun mat prior to 
carbonisation.  
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Post pyrolysis, the obtained carbonaceous structures somewhat retained their fibrous 
structures and did not entirely break into fragments of unrecognised structures. 
Implying that the iodine treatment played a significant role in ensuring that the 
materials were enhanced to withstand the pyrolysis temperature.  It was expected that 
the iodine treatment would aid the as spun PVA/Sucrose nanofibers to retain their 
original structure after carbonisation, however, the obtained micrograph show that they 
did not entirely retain the structure although they kept the fibrous morphology.   
Although it is a prerequisite for the nanofibers to be transformed into stable aromatic 
structures by intermolecular crosslinking in order to retain their fibrous structures 
during pyrolysis, the manner in which the nanofibers are contained during pyrolysis is 
also significant. For instance, for carbonisation, researchers have opted to sandwich 
the electrospun nanofibers into plates such as carbon, graphite and ceramic to ensure  
they are shielded from the direct heat of the furnace and promote smooth 
carbonisation that will allow the fibres to retain their original nanofibrous structures 
[86,87]. Unfortunately, in this study there were no available appropriate plates that could 
have been used in ensuring that the original fibrous structure of the PVA/Sucrose 
nanofibers was attained during carbonisation. Instead, an open ceramic boat was used 
for containing the nanofibers during pyrolysis in the furnace.  Which was not bad since 
the carbon nanofibers derived from PVA/Sucrose 25:75 and PVA/Sucrose 50:50 
maintained fibrous structures.  
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Figure 3.2.14: Micrograph of the carbonised (a) PVA/Sucrose 75:25 (b) 
PVA/Sucrose 50:50 and (c) PVA/Sucrose 25:75 
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3.2.5.3. Pb Growth 
 
The morphology results obtained in Section 3.1.3 demonstrate that the Pb had high 
affinity towards activated carbon and low affinity towards the carbon nanofiber. For 
comparison, it was of interest to investigate how the Pb electrodeposits would behave 
on the surfaces of the carbonised PVA/Sucrose fibres. Thus, the black carbonaceous 
PVA/Sucrose mats obtained post pyrolysis were crushed with a pestle and mortar to 
form black powdery samples. Carbon pastes were prepared from the powdery 
samples and these were electroplated with Pb deposits. The morphologies of the Pb 
on the carbon surfaces were studied using SEM as illustrated by the micrographs in 
Figure 3.2.15 to Figure 3.2.17. 
 
The micrographs clearly illustrate that the affinity of the Pb on the carbon surfaces 
decreases with an increase in sucrose content. Implying that the presence of high PVA 
content on the carbons derived from blends of 75:25 (Fig.3.2.15) and 50:50 
(Fig.3.2.16), influenced the affinity of the Pb on the carbon surfaces. Although the 
affinity is varied on the carbon materials, the Pb deposited similarly as thin rod-shaped 
particles with an average diameter of 0.16 μm. The surface area hypothesis is not 
supported on these electrospun carbon fibres because in comparison with the carbon 
derived from 25:75, the 75:25 and the 50:50 carbon derivatives had lower surface 
areas of 190.1 and 249.9 m2/g, respectively. Implying that there are other factors that 
influences the Pb deposition. It could be suggested that the morphology of the 
carbonised fibres had an influence on the deposition of Pb because the micrographs 
in Figure 3.2.14 illustrated that post pyrolysis the fibrous structures were attained on 
the blends with more PVA. Therefore, the fibrous PVA/Sucrose structure influences 
the Pb deposition.  
The Pb had no affinity towards the carbon derived from PVA/Sucrose 25:75 
(Fig.3.2.17) as indicative of the absence of Pb deposits on the carbon surface. This 
behaviour is attributed to the high sucrose content that resulted in the fabrication of 
non-fibrous structures with large diameters (Fig.3.2.14c). The high surface area 
(304.42 m2/g) of this carbon did not have an influence on the electrodeposition of Pb. 
Suggesting that the bulky structure hindered Pb deposition.   
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(a) 
 
 
 
(b) 
 
 
 
 
Figure 3.2.15: Micrograph of the Pb electroplated on the carbon nanofiber derived 
from PVA/Sucrose 75:25 at (a) low and (b) high magnification   
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(a) 
 
 
 
 
 
(b) 
 
 
 
Figure 3.2.16: Micrograph of the Pb electroplated on the carbon nanofiber derived 
from PVA/Sucrose 50:50 at (a) low and (b) high magnification   
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(a) 
 
 
 
 
(b) 
  
 
Figure 3.2.17: Micrograph of the Pb electroplated on the carbon nanofiber derived 
from PVA/Sucrose 25:75 at (a) high and (b) low magnification   
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3.2.6. Electrochemical analysis 
 
A carbon additive is chosen as an expander for NAM based on its ability to enhance 
the electrochemical reactions of the Pb acid battery. The various chemical and 
physical properties of the carbon additive influence its ability to enhance the Pb/PbSO4 
electrochemical reactions in the H2SO4 electrolyte. The aim of this study was to 
develop a new method for the fabrication of carbon nanofibers that would be further 
used in the Pb acid battery research. It was then necessary to investigate the 
electrochemical relationship that exists between the fabricated carbonaceous surface 
and the Pb/PbSO4 couple using a Pb electrode with the carbon paste as a working 
electrode.   Thus, CV was employed for the electrochemical analysis at a scan rate of 
5 mV/s and the obtained voltammograms are presented in Figure 3.2.18 to Figure 
3.2.21.   
 
Prior to studying the electrochemical behaviour between the Pb and the carbons, the 
bare Pb electrode was analysed on its own at a scan rate of 5 mV/s and is presented 
by the voltammogram in Figure 3.2.18.    
 
 
Figure 3.2.18: Voltammogram of the bare Pb electrode at 5 mV/s 
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The typical Pb voltammogram (Fig.3.2.18) shows two distinct peaks corresponding to 
the classic Pb/PbSO4 redox couple in H2SO4.  With carbon incorporation on the Pb 
electrode, the anodic and cathodic peaks were expected to increase to indicate that 
the carbon enhanced the electrochemical reactions. As the morphological studies 
conducted on the growth of Pb on the carbon surfaces (Section 3.5.2.3) has revealed 
that the carbons fibres derived from 75:25 and 50:50 blends had affinity towards the 
Pb. It was expected that there could exist an electrochemical relationship between the 
interface of these carbons and the Pb electrode. Excluding the carbon derived from 
the 25:75 blend as it had no Pb affinity (Fig.3.2.17). However, the Pb/PbSO4 redox 
peak currents of the electrospun carbon blends (Fig.3.2.19 to Fig.3.2.21) were very 
low compared to the bare Pb. Implying that none of the carbons enhanced the 
electrochemical activity in the cell at the Pb-interface. The anodic peak currents of the 
carbon electrodes are influenced by the increase in sucrose content as shown by the 
voltammograms of the carbons derived from PVA/Sucrose.   
 
The distribution and homogeneity of the Pb on the carbon surface influenced the 
Pb/PbSO4 redox reactions. For example, the high affinity of the Pb in the carbon 
derived from PVA/Sucrose 75:25 seem to have influenced the Pb/PbSO4 redox 
reactions as attested by the anodic and cathodic peak currents on the voltammogram 
(Fig.3.2.18).  The voltammogram results are quite contradicting because the 50:50 
had no cathodic peak whereas the 25:75 blend had both the anodic and cathodic peak 
irrespective of the morphology results that showed that the carbon had no affinity 
towards Pb.  
 
Like the commercial carbons, none of the electrospun carbons enhanced the redox 
peaks as they had lower peak currents. Although the commercial activated carbon, 
carbon derived 25:75 and 75:25 showed the presence of two peaks corresponding to 
the redox reaction, the peak current intensities were not higher than the Pb electrode 
for concluding that the carbons enhances the electrochemical reaction of the NAM. 
Like the commercial carbons, it could be suggested that the failure of the electrospun 
carbon fibres to enhance the peak currents could be due to the lack of 
electroconductivity of the electrospun carbonaceous materials [12] and the working 
electrode assembly used in the study.  
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Figure 3.2.19: Voltammogram of Pb/Carbon derived from PVA/Sucrose 75:25  
 
 
Figure 3.2.20: Voltammogram of the Pb/Carbon derived from PVA/Sucrose 50:50 
75 
 
 
Figure 3.2.21: Voltammogram of the Pb/Carbon derived from PVA/Sucrose 25:75 
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CHAPTER 4 
4.1. Conclusion 
This study showed that there were varied properties exhorted by the electrospun 
PVA/Sucrose carbon nanofibers as influenced by the varied ratios of the PVA and 
Sucrose on the electrospinning blend. The key findings can be summarised as follows:  
1. The electrospun 75:25 and 50:50 PVA/Sucrose mats were shown to display the 
characteristic behaviour of PVA polymer in thermal analysis and spectroscopic 
analysis. Suggesting that the PVA polymer was expressed more on the 
electrospinning blend. Whereas the 25:75 electrospun mat had more sucrose 
characteristic behaviour due to the high quantity of sucrose present on the 
electrospinning blend. With an increase in sucrose on the electrospinning 
solution, that resulted in the fabrication of large beaded fibres.  This behaviour 
is attributed to the increased viscosity of the electrospinning solution. The 
surface area of the electrospun mats decreased with the increase in sucrose 
content due to the increase in fibre diameter.  
2. Prior to pyrolysis, the electrospun fibres were stabilized with Iodine treatment. 
However, upon pyrolysis, the mats did not retain their original fibrous structure 
but rather became large with an increase in sucrose content. This behaviour is 
attributed to the ceramic boat used in pyrolysis. Studies have shown that to 
retain the nanofibrous structures post pyrolysis, the electrospun mats should 
be sandwiched in ceramic plates/graphite sheets in order to shield them from 
the direct heat of the furnace during pyrolysis. It is of importance to keep the 
carbon nanofibers at the nanometer range such that they will exhibit the 
desirable properties for NAM additive, for example they would exhort higher 
surface areas that would aid in high Pb affinity. The beneficial effect of adding 
high surface area carbon in NAM is that it acts as a skeleton builder that 
enhances the porosity and active surface of NAM to facilitate the electrolyte 
diffusion and promote more sites for dissolution/crystallizing of PbSO4 and 
hinder sulfation [72].  
3. Overall, the carbon fibres derived from PVA/Sucrose were not similar to those 
of the commercial carbon with regards to the properties exhorted. The only 
shared property was the microstructure characteristic in which the carbon fibres 
had amorphous microstructure. This could be attributed to the varied technique 
and materials use to fabricate the carbon fibres.  
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This study showed that there were varied affinities of Pb across the surfaces of the 
commercial carbons and the electrospun carbon nanofibers derived from PVA/sucrose 
blends due to the different properties of the carbonaceous materials. The key findings 
can be summarised as follows:   
1. It could be suggested that the overall driving force behind the behaviour of Pb 
on the carbon surface is exhorted by the varied properties of the carbonaceous 
nanomaterial. When the carbon nanomaterial is porous in structure, that 
influences it to have a high surface. For example, with the porous structure and 
high surface area of activated carbon, that promoted the strong adhesion of Pb 
across the carbon surface. The electroconductivity of the carbon also has an 
effect on the adhesion of Pb on the carbon surfaces as it ensures good contact 
between carbon and Pb particles with low ohmic resistance of the Pb/carbon 
interface [12]. For example, the high electroconductivity of graphitic carbon along 
the planes influenced the Pb to electrodeposit as a mixture of long and short 
thin rod-shaped particles along the graphitic planes and not widely distributed 
across the surface. Electrochemically, the distribution and homogeneity of the 
Pb on the carbon surface influences the Pb/PbSO4 redox reactions. For 
example, the high affinity of the Pb in the activated carbon surface influenced 
the electrochemical reactions to contribute to the Pb/PbSO4 redox reactions as 
attested by the anodic and cathodic peak currents on the voltammogram of 
Pb/Activated carbon.   
2. While the driving force behind the electrodeposition of Pb on the electrospun 
carbon materials surfaces was influenced by the high quantity of PVA present 
on the blend and the fibrous structure of the carbonised material.  The Pb had 
high affinity towards the fibrous carbon derived from 75:25 as it deposited 
widely across the surface. Whereas, the absence of Pb deposits on the surface 
of the carbon derived from the 25:75 ratio is indicative that the high sucrose 
content and the bulky non-fibrous structure hindered the electrodeposition. 
3. The incorporation of the commercial carbons and electrospun carbons on the 
Pb electrode did not enhance the electrochemical reactions as shown by the 
reduced anodic and cathodic peak current intensities. However, for the 
electrospun carbon fibres, the intensity of the anodic peak current was 
increased with increasing sucrose content.  
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4.2. Suggested future work 
1. On the electrospinning of PVA/Sucrose nanofibers, there are improvements 
that need to be conducted in order to obtain the desirable nanofibers for NAM 
applications. As the carbon fibres were shown to lack electroconductivity, varied 
conductive salts should be added on the PVA/Sucrose electrospinning blend in 
order to study the effect of the salts on the enhancement of electroconductivity. 
The conductivity of the solutions should be measured and recorded prior to 
electrospinning for observing its variations and effects. A salt that aids in 
enhancing the Pb/PbSO4 electrochemical reactions to proceed at the 
Pb/Carbon interface, will be chosen as an additive on the electrospinning blend 
for the fabrication of nanofibers. As the carbon materials did not retain their 
original fibrous structure post pyrolysis. Investments should be made on 
obtaining the ceramic plates that would be used in sandwiching the electrospun 
fibres during pyrolysis. Such that the fibres could retain their fibrous structure 
and exhort well defined properties that will not be affected by the melting and 
increase of the fibre diameter. A porometer should be used to measure the pore 
size of the carbonised nanofibers to observe its variations and effects. 
Thereafter, the behaviour of the Pb on the carbon surfaces would be 
investigated for comparison with the study findings of this present research.  
2. For the fabrication of the carbon nanofibers using low cost precursor materials, 
there are materials that could be studied and these include coal, coal tar, peat 
and cellulose. Thereafter, the behaviour of the Pb on the carbon surfaces would 
be investigated for comparison with the study findings of this present research.  
3. On the behaviour of the Pb electrodeposits on the carbon surfaces, there is no 
carbonaceous material that enhanced the electrochemical reactions that occurs 
on the negative plate.  However, this should not be a detrimental factor as the 
carbons should also be tested at the battery level in order to investigate their 
influence on the negative plate. Therefore, new studies should be considered 
wherein the electrospun carbons will be built into a cell and subject to various 
electrochemical tests for observing the effect of the carbons. The cells should 
be simulated to test the ability of the battery to start a vehicle in cold 
environments by a cold cranking ability (CCA) test, the ability of the cell to 
accumulate recharge capacity at high currents over a period of time by a charge 
acceptance (ChA) test and simplified partial state of capacity cycling (PSoCC).  
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